The inter-species conservation of the SNAREs extends CB2 2QH, UK to the complexes formed between them. Thus a stable 1 Corresponding author complex can be isolated that contains the synaptic v-SNARE synaptobrevin (also known as VAMP), the plasma Intracellular vesicular traffic is controlled in part by membrane t-SNARE syntaxin and a third protein, associv-and t-SNAREs, integral membrane proteins which ated with membranes only via lipids, called SNAP25 allow specific interaction and fusion between vesicles (Söllner et al., 1993a; Hayashi et al., 1994). These proteins (v-SNAREs) and their target membranes (t-SNAREs).
Introduction
disruptable by the action of Sec18p. A Sec1p homologue, Sly1p, is also associated with Sed5p (Søgaard et al., 1994) . Transport of proteins along the secretory pathway of These results suggest that the basic fusion mechanism eukaryotic cells occurs by a process of vesicular budding is similar at different organelles, but whether precisely and fusion. Vesicle formation is aided by the binding of equivalent complexes form is not clear. cytosolic coat proteins to the budding membrane. The
Because v-SNAREs are (for the most part) anchored in subsequent docking and fusion of the vesicles requires the lipid bilayer by a transmembrane domain, their re-use integral membrane proteins known as v-SNAREs (on for vesicle targeting can only occur if they are recycled vesicles) and t-SNAREs (on the target membranes) to their membrane of origin. This poses a mechanistic (Söllner et al., 1993a,b; Rothman and Wieland, 1996) .
problem: if the v-SNAREs travel both forwards and SNARE proteins were initially identified by yeast genetics, backwards, how is the direction of movement determined and by biochemical analysis of synaptic components for any given vesicle? This problem is perhaps easiest to (Ferro-Novick and Jahn, 1994) . Further examples were pursue in the case of ER-Golgi transport in yeast, since identified by homology searches, and in yeast t-SNAREs many of the components involved in this step are now are now known for the plasma membrane, the endoplasmic known from extensive genetic and biochemical studies. For reticulum (ER), the Golgi apparatus and the endosome/ all cargo molecules so far studied, anterograde transport is vacuole system (Hardwick and Pelham, 1992; Aalto et al., mediated by the COPII coat proteins (Barlowe et al., 1994 (Barlowe et al., ), 1993 Becherer et al., 1996; Lewis and Pelham, 1996) . Both t-and v-SNAREs have a characteristic structure, whereas retrograde transport from the Golgi complex is mediated by COPI coat proteins (Letourneur et al., 1994) . As mentioned above, four putative v-SNAREs have been implicated in forward transport, although it is still not clear whether Bet1p and Ykt6p are necessary components of the transport vesicles, and Sec22p is dispensable at normal growth temperatures (Ossig et al., 1991; Lian and (A) Batch growth of ufe1-1 strains expressing Sec20p or Sec20-RD (as Ferro-Novick, 1993; Barlowe et al., 1994) . Recently we indicated) or with vector alone (unlabelled curves) at 30°C and 37°C.
described a t-SNARE on the ER, Ufe1p, that is specifically (B) As in (A) but strains also expressed the ufe1-DK allele. Cultures were diluted to allow continuous growth.
required for retrograde transport (Lewis and Pelham, 1996) . Mutation of this protein showed that recycling to the ER is essential for forward transport to be maintained. growth defect of ufe1-1 by overexpressing Sec20p, and that of sec20-1 by overexpressing Ufe1p. Some suppresWe also found that a second ER membrane protein, Sec20p, is required for the retrograde step (Lewis and sion was observed in both cases, but the effects were weak and variable. Pelham, 1996) . Sec20p was shown to bind to a peripheral membrane protein, Tip20p (formerly designated Tip1p;
A more subtle genetic approach was suggested by the observation that the function of Ufe1p, unlike that of other Sweet and Pelham, 1993) , but the precise role of these proteins, and the nature of the v-SNAREs involved in t-SNAREs such as Sed5p, Pep12p and Sso1p, is sensitive to mutations within the transmembrane domain (TMD) retrograde transport, remained undefined.
In this paper we examine the interactions of Ufe1p with (Rayner and Pelham, 1997) . A possible explanation is that the Ufe1p TMD interacts with Sec20p, in which case other components of the retrograde transport pathway. We present genetic and biochemical evidence that Sec20p changes in the Sec20p TMD might compensate for mutations in the Ufe1p TMD. Ufe1p function is abolished binds to Ufe1p, that this binding involves the transmembrane domains of the two proteins, and that it is required by conversion of the Asp residue that defines the lumenal end of the TMD to a Lys residue (ufe1-DK). The equivalent for their function. Tip20p is also associated with Ufe1p, presumably via Sec20p. In addition, this complex contains position in Sec20p is occupied by an Arg residue, so we changed this to Asp (sec20-RD) in order to restore a the v-SNARE Sec22p. These findings define a novel SNARE fusion complex, and indicate that a single vputative positive/negative charge pair. The functions of these proteins were then tested individually and together SNARE can participate in both forward and retrograde steps. The implications for the directionality of traffic in a ufe1-1 strain, which provides Ufe1p activity at low but not high temperature. between ER and Golgi are discussed.
The ufe1-1 strain grew at 30°C, but at 37°C growth ceased (after an initial doubling) as expected ( Figure 2A ).
Results
Moderate overexpression of wild-type Sec20p in this strain had little effect on growth at either temperature. In contrast, Genetic interactions between Sec20p and Ufe1p Since Sec20p and Ufe1p are both membrane proteins expression of sec20-RD significantly slowed growth. Our interpretation is that this protein can compete for other located in the ER, and are both required for retrograde transport, we anticipated that they might interact physiccomponents of the fusion machinery (such as Tip20p, see below) but is unable to interact effectively with the normal ally. Indeed, Sec20p contains a coiled-coil domain of the appropriate length and position to interact with a SNARE, TMD of Ufe1p. The experiment was then repeated with a strain and ts alleles of sec20 map to this part of the protein (Figure 1 ). When temperature-sensitive mutations weaken expressing both the ufe1-1 and the ufe1-DK alleles ( Figure 2B ). In the absence of any additional Sec20p this protein-protein interactions, the defect can often be overcome by overexpression of the normal partner. We therestrain grew at 30°C but not at 37°C, confirming that neither allele was capable of functioning at an elevated fore attempted to suppress the temperature-sensitive were grown in contact with nitrocellulose and the filter probed with with beads containing anti-Ufe1p antibodies (I) or pre-immune anti-BiP antibodies. antibodies (PI), and the bound myc-tagged proteins detected with the 9E10 anti-myc mAb. Samples of the supernatants were also analysed (Sn); these correspond to 5% of the precipitated material. Sec20-myc we expressed a myc-tagged version of Tip20p and repeated was expressed in a sec18 strain, which was incubated at both 25°C or the Ufe1p immunoprecipitation. As with Sec20p, there 37°C, Tip20-myc was expressed in a SEC ϩ strain.
was a clear association of Tip20p with Ufe1p even in a SEC ϩ strain (Figure 3 ). These results strongly suggest that Ufe1p, Sec20p and Tip20p are present in a single complex temperature. Moderate overexpression of wild-type Sec20p partially rescued growth at 37°C, suggesting that on the ER membrane. the inactivity of the ufe1-DK mutation was indeed due to its poor interaction with Sec20p. Most significantly, Assay of v-SNARE mutants for defects in retrograde traffic however, sec20-RD no longer inhibited growth at 30°C, and at 37°C it was a considerably more effective suppressor
We next considered what v-SNAREs might interact with the Ufe1p complex, and sought to determine whether any of the ufe1-DK growth defect than was wild-type Sec20p, restoring growth to the same rate as at 30°C. So effective of the known ER-Golgi v-SNAREs might be involved in retrograde transport in addition to their roles in forward was this suppression that we were able to construct a strain whose only source of Ufe1p was the ufe1-DK allele, movement. One of the functions of retrograde transport is to retrieve escaped lumenal ER proteins such as BiP/ provided that sec20-RD was present; wild-type sec20 could not substitute (see Materials and methods). Thus, Kar2p, and as a consequence partial defects in components of this pathway, such as those found in temperaturethe D→K change in the Ufe1p TMD can be specifically compensated by an R→D change at the corresponding sensitive ufe1 and sec20 mutants, tend to increase the secretion of BiP from cells (Semenza et al., 1990 ; Lewis position in Sec20p, providing powerful evidence that the TMDs and flanking regions of these proteins interact in a and Pelham, 1996) . This can readily be detected by growing the cells in contact with a nitrocellulose filter functionally significant manner in vivo.
and then probing the filter with anti-BiP antibodies. Figure 4 shows that sec22-3 cells indeed secrete BiP at a Physical association of Sec20p and Tip20p with Ufe1p growth-permissive temperature; this is not a special feature of this particular allele, since a sec22 deletion strain had To confirm the actual binding of Sec20p to Ufe1p, we expressed a myc-tagged version of Sec20p in a sec18 a similar phenotype. BiP was also secreted by a bos1 temperature-sensitive mutant (sec32-1; Wuestehube et al., strain, immunoprecipitated Ufe1p with affinity-purified rabbit antiserum, and probed the precipitate with anti-myc 1996), though not significantly by a bet1-1 strain. These results raised the possibility that Sec22p and Bos1p might antibodies. Sec20p was clearly detectable (Figure 3 ). There was a modest enhancement of the signal after incubation contribute, directly or indirectly, to the reverse pathway. of the cells at 37°C, but binding was clearly evident at a low temperature, and was also observed when the experi-
Interactions between Sec22p and Ufe1p
As an alternative approach, we looked for genetic interment was repeated in a SEC ϩ strain (not shown). A control in which pre-immune serum replaced the anti-Ufe1p serum actions between the known v-SNAREs and the ER t-SNARE, Ufe1p. Since the ufe1-1 mutant has alterations gave no Sec20p signal (Figure 3) . Thus Ufe1p and Sec20p do indeed form a complex. Whether this complex can be in the conserved coiled-coil domain implicated in v-SNARE binding (Figure 1) , we tested the effects of dissociated by Sec18p is not clear: we observed only a slight effect of the sec18 mutation, but we observed a overexpressing each of the ER-Golgi v-SNAREs. Figure 5 shows that elevated levels of Sec22p allowed growth of similarly weak effect when we examined the Sed5p-containing SNARE complex as a control. It appears that ufe1-1 cells at the normally non-permissive temperature of 37°C, whereas Bos1p and Bet1p did not have this the effects of Sec18p are very sensitive to minor changes in the conditions used for lysis and precipitation.
effect. Ykt6p, which is most closely related to Sec22p and will suppress a sec22 mutation (Banfield et al., 1995) , We previously identified another protein, originally termed Tip1p but now designated Tip20p, which is not showed a very weak effect on ufe1-1 in some experiments, but did not reproducibly rescue growth at high temperitself an integral membrane protein but which binds to Sec20p. Deletion mutants of tip20 have the same phenoatures. The suppression by Sec22p was allele-specific: though ufe1-1 was suppressed, another temperature-sensittype as sec20 mutants (Sweet and Pelham, 1993) . To see whether Tip20p is also part of the Ufe1p-Sec20p complex, ive ufe1 allele, with a G to L change at position 336 within the TMD, was not (data not shown). This strongly suggests direct binding of Sec22p to Ufe1p. To see whether a physical interaction between Sec22p and Ufe1p could be demonstrated, we immunoprecipitated Ufe1p from cell extracts and probed the precipitates with anti-Sec22p antibodies. Figure 6A shows that some Sec22p indeed coprecipitated with Ufe1p. In this experiment a sec18 strain was used and the Sec22p-Ufe1p interaction was enhanced after incubation at 37°C, though as with the Sec20p-Ufe1p interaction, we found the effects of sec18 to be variable. From the blots, we estimate that~5-10% of the total Sec22p was associated with Ufe1p. In contrast, no Bet1p could be detected in the immunoprecipitate. Suitable antibodies against Bos1p and Ykt6p were not available, and so we expressed versions of these proteins tagged with a myc epitope at the N-terminus. These altered proteins remained functional, as shown by their ability to suppress sec32-1 (a bos1 ts allele) and sec22-3 respectively. However, they could not be detected in the Ufe1p immunoprecipitates. Myc-tagged Sec22p acted as a positive control, and was readily detectable ( Figure 6A ). We conclude that Sec22p forms a specific association with Ufe1p that is disruptable by Sec18p. The other v-SNAREs, including Bos1p which binds to Sec22p in forward transport vesicles (Lian et al., 1994) , evidently do not form stable complexes with Ufe1p under these conditions. Further negative controls were provided by myc-tagged versions of the putative Golgi v-SNAREs Subramaniam et al., 1996) , neither of which antibodies (PI) were performed as in Figure 3 . Endogenous Sec22p, could be detected in the Ufe1p immunoprecipitate Bet1p and Sec61p were detected with appropriate antisera, and ( Figure 6A ). Sec22p can associate with Ufe1p, but they do not show cell extracts were first subjected to immunoprecipitation with prewhether they can bind simultaneously. To address this immune antibodies (PI) or anti-Ufe1p, and the supernatants then precipitated with anti-myc; these second precipitates were then question we immunoprecipitated myc-tagged Sec20p with immunoblotted to detect Sec22p. (C) As for (B), except that aliquots of the 9E10 anti-myc monoclonal antibody and probed the the cell extract were immunoprecipitated with either anti-Sed5p or antiprecipitate with anti-Sec22p antibodies. Figure 6B shows Ufe1p, and the precipitates probed for myc-tagged Sec20p and for that Sec22p was specifically precipitated in this experi- with anti-Ufe1p antibodies. Since only 5-10% of the total SNAP25 in the synapse. However, unlike SNAP25, Sec20p is a transmembrane protein with a substantial extracytoSec22p coprecipitated with Ufe1p or Sec20p, this result does not rule out the formal possibility that despite their plasmic domain, and though it has a coiled-coil motif like that of other SNAREs it shows no homology in this region affinity for each other, Sec20p and Ufe1p form quite separate complexes with Sec22p. We therefore performed to SNAP25 or to any other known SNARE. This raises the possibility that other SNARE-like proteins exist that sequential immunoprecipitations in which first Ufe1p was removed from the cell extracts, together with any have an unusual size and structure and cannot be detected by homology searches alone. associated Sec20p and Sec22p, and then the remaining Sec20p was precipitated from the supernatant and the Another unusual feature is the presence of Tip20p, an 81 kDa peripheral membrane protein with no obvious precipitate probed with anti-Sec22p. Figure 6B shows that although pre-precipitation with control antibodies had little homologue (Sweet and Pelham, 1993) . Unlike the Sec1p family of proteins which are thought to associate only effect, the prior removal of Ufe1p substantially reduced the subsequent recovery of Sec20p-Sec22p complexes.
with free syntaxins (Pevsner et al., 1994) , Tip20p seems to be in a complex containing Sec20p, Ufe1p and Sec22p, This indicates that the Sec22p molecules that are associated with Sec20p are mostly the same as those that are bound and it remains to be determined whether it shares any functional properties with Sec1p. We have not been able to Ufe1p, and hence that Sec22p, Ufe1p and Sec20p are present in a single complex. Although all of these proteins to detect by homology searches of the complete yeast genome any candidate Sec1p-like protein that might interare found in the ER, their association cannot be explained merely by poor solubilization of the ER membrane. These act with Ufe1p. It seems that despite the similarity in sequence and structure between different syntaxin family were shown by the absence not only of Bet1p and Bos1p, but also of the abundant ER membrane protein Sec61p members, the proteins with which they associate can differ substantially. ( Figure 6A ).
As both Ufe1p and Sed5p appear to be able to bind Sec22p, we performed further controls to establish that A retrograde v-SNARE The interactions that we have identified unite all the ER these two t-SNARE complexes are distinct. Figure 6C shows the results of precipitating a single extract with anticomponents known to be involved in retrograde transport and place them in contact with a v-SNARE, Sec22p, Sed5p and anti-Ufe1p. While each antibody precipitated Sec22p in comparable amounts, only anti-Ufe1p precipitwhose role in forward transport seems well established. The evidence that Sec22p is involved in retrograde traffic ated Sec20-myc. Additional experiments confirmed that anti-Sed5p precipitated Bet1p but not Tip20-myc, and that is based not only on its co-precipitation with Ufe1p and Sec20p, but also on its ability to suppress a ufe1 defect anti-Ufe1p did not precipitate Sed5p (data not shown).
Thus of the components we have tested, only Sec22p
in vivo in an allele-specific manner, and on the failure of sec22 mutants to retain ER proteins efficiently. Given could be found associated with both Ufe1p and Sed5p. these results, it seems reasonable to ask whether Sec22p is also directly involved in forward transport, or whether Discussion its role in this is limited to the indirect one of recycling other v-SNAREs. This is not simple to answer, because We have presented evidence in this paper for the existence of a novel SNARE-containing complex on the ER memSec22p is not required for viability at 30°C, or for forward transport in vitro (Ossig et al., 1991; Jiang et al., 1995) . brane. Biochemical evidence, in the form of co-precipitation, indicates five associations: Ufe1p with Sec20p, However, it does co-precipitate with Sed5p and, if it is present, antibodies to Sec22p can block the in vitro transSec20p with Tip20p (Sweet and Pelham 1993) , Ufe1p with Tip20p, Sec20p with Sec22p and Ufe1p with Sec22p. port reaction (Søgaard et al., 1994; Jiang et al., 1995) . Perhaps the most compelling argument in favour of a The simplest interpretation of these results is that Ufe1p, Sec20p, Tip20p and Sec22p are present in a single dual role for Sec22p comes from electron microscopic studies. When cells are deprived of the activity of ufe1, complex, and indeed sequential immunoprecipitation provides evidence that Ufe1p, Sec20p and Sec22p are all sec20 or tip20, either by temperature-sensitive mutation or by protein depletion, a characteristic phenotype is associated. Preliminary experiments indicate that Tip20p and Sec22p also coprecipitate, implying that they can bind observed: ER membranes accumulate, but although one might expect retrograde transport vesicles also to accumusimultaneously to the t-SNARE complex.
We have also presented genetic evidence that supports late, few vesicles are found. Those that are seen often appear to be trapped between the ER and the cell surface, a functional role for several of these interactions in vivo. In particular, the demonstration that growth-inhibiting where they are inaccessible to Golgi membranes (Kaiser and Schekman, 1990; Pelham, 1992, 1993 ; mutations adjacent to the TMDs of Sec20p and Ufe1p can specifically compensate for each other provides good Lewis and Pelham, 1996) . In contrast, at 37°C sec22 mutants accumulate large numbers of vesicles throughout evidence for the interaction of these proteins. This essential TMD-mediated interaction accounts for our previous findthe cell, which are evidently incapable of fusing with any membrane (Kaiser and Scheckman, 1990) . This striking ing that mutations that alter the hydrophobicity of the relatively polar helical face of the Ufe1p TMD affect the difference between the phenotypes of the ufe1 and sec22 mutants implies that interaction with Ufe1p is not the only function of this t-SNARE (Rayner and Pelham, 1997) .
The Ufe1p complex shows both similarities to and role of Sec22p. We suggest that it participates directly in the fusion of vesicles to both ER and Golgi membranes. differences from previously characterized SNARE complexes. Sec20p is in the same membrane as Ufe1p and
The phenotype of the ufe1, sec20 and tip20 mutants can be explained if retrograde vesicles, thwarted in their can be thought of as a partner t-SNARE, analogous to (Lian et al., 1994) that allows preferential recognition of Sed5p or Ufe1p.
Materials and methods
Alternatively, vesicles may be distinguished by their coats, forward-moving vesicles being encased in COPII proteins Plasmids (Barlowe et al., 1994) , whereas those returning carry COPI Multicopy suppression analysis was performed using plasmids based on coats (Letourneur et al., 1994) . If, for example, removal the vector JS 209 (2 μ, URA3, TPI promoter) (Semenza et al., 1990) .
Constructs containing the open reading frames of YKT6, BOS1, BET1
of COPI were stimulated by Sec20p or Tip20p, fusion of and SEC22 were generated by PCR using either Vent (New England COPI-coated vesicles with the ER would be favoured. to Lys mutant was generated by site directed mutagenesis (Kunkel et al., Of the known v-SNAREs, it was surprising to find only 1987) and transferred to a JS209-based plasmid. The complementary Sec22p associated with Ufe1p since this protein, unlike Arg to Asp mutation in the Sec20p TMD region was also made by sitedirected mutagenesis. The SEC20 coding region was transferred from Ufe1p itself, is dispensable for growth at 30°C. Perhaps the plasmid STM20 (Sweet and Pelham, 1992 ) into a pRS413-based other v-SNAREs do participate in retrograde transport but plasmid (a CEN vector carrying the HIS3 gene and the TPI promoter; fail to form a stable complex in vitro. There is some Sikorski and Hieter, 1989) and used unaltered in this background as the suggestion that this may be so, because the bos1 mutant control. All mutagenesis was checked by DNA sequencing. N-terminal showed poor retention of BiP and there was some slight c-myc tagged versions of p28 (orf YHL031c), Sft1p, Sec22p and Ykt6p were expressed from derivatives of the JS209 vector. C-terminal c-mycsuppression of ufe1-1 by Ykt6p, but the evidence is much tagged Tip20p was expressed from the JS209 derivative pTM2 (Sweet weaker than for Sec22p. It is possible that an additional, and Pelham, 1993).
unidentified v-SNARE is involved, but we have not been able to identify from the genome sequence any candidate
Yeast strains
that has an appropriate intracellular location. Another
The main strains used for this work are listed in Table I . Other strains explanation might be that low levels of recycling Sec20p were generated by transforming these with appropriate replicating plasmids. The data in Figure 2 are based on MLY101. For Figure 3 the (which carries a functional HDEL retrieval signal; Sweet Sec20-myc immunoprecipitation was performed using MLY201, while and Pelham, 1992) give retrograde vesicles some affinity the Tip20-myc were expressed in the protease-deficient strain JB811.
for Ufe1p. Indeed, we have recently found that overexpres- Figure 4 shows assays of RSY255 (wt), ANY112, RSY279, RSY1159 sion of Sec20p can suppress the temperature-sensitive and SD1041A. Figure 5 shows transformants of MLY101. For Figure 6 , versions of RSY271 were used, with appropriate plasmids or integrated growth phenotype of a sec22 deletion strain, which would genes (MLY201, MLY202), except that p28-myc and Sft1-myc were be consistent with this. Interestingly, there is a similar expressed in the related strain MLY106.
puzzle for vesicular transport to the plasma membrane:
To test the suppressibility of the ufe1-DK allele, a derivative of strain removal of the t-SNAREs Sso1p and Sso2p is lethal (Aalto MLY101 that carried UFE1 on a 2 μ URA3 vector was transformed with et al., 1993), whereas cells lacking the known v-SNAREs a plasmid identical to pU315 (CEN, UFE1, LEU2; Lewis and Pelham, 1996) except that it carried the ufe1-DK mutation, together with Snc1p and Snc2p are still capable of slow growth and the SEC20 or sec20-RD expression plasmids described above. The secretion (Protopopov et al., 1993) .
transformants were plated at 30°C in the presence of 5-fluoro-orotic acid
In conclusion, we have described a SNARE complex to counter-select for the URA3 vector. Colonies lacking this vector and with unique features that is likely to mediate vesicle hence the wild-type UFE1 gene grew readily from the strain expressing sec20-RD, but not from the strain expressing wild-type SEC20.
docking with the ER membrane, and have shown that at
